Abstract Changes in blood pressure, heart rate, and heat balance during febrile response to E. coli endotoxin were studied in unanesthetized guinea pigs at an ambient temperature of 24°C. The heat balance was measured with direct and indirect calorimetry. An intravenous injection of endotoxin (5 , tg . kg') produced characteristic biphasic changes in the intraaortic temperature (Tar), heat production (M), and heat loss (H). The response of arterial blood pressure (BP) to the endotoxin was monophasic and that of heart rate appeared tiphasic. Phenylephrine (PHE: 20 µg . kg -1 . min -1) infused intravenously in the two rising phases of fever increased BP to the same extent, but the amount of the reflexive bradycardia seemed to be less during the first rise of Tar. The increased metabolism (shivering and nonshivering thermogenesis) during fever development was suppressed by PHE infusion at the two rising phases. The results conclude that, in guinea pigs, the baroreflexive suppression of metabolism is persistent during fever development, but the reflex sensitivity may be different at different phases of fever.
in unanesthetized animals in hypermetabolic states. Thus, the development of fever after endotoxin may be interfered by the rise in blood pressure. In the present study, E. coli endotoxin was injected intravenously to the unanesthetized guinea pigs to observe complete simultaneous changes of blood pressure, heart rate, and thermal balance with direct and indirect calorimetry. Whether the baroreflexive suppression of metabolism is appreciable and whether the sensitivity of the sinoaortic baroreflex is changed were checked during the development of fever following the endotoxin injection.
METHODS
Animals and preparations. Thirty male guinea pigs (Hartley strain, Sankyo Lab., Shizuoka), weighing 380-450 g, were used. They were housed in wire-mesh cages and provided with commercial guinea pig chow (Oriental RC4, Oriental Yeast, Tokyo) and tap water ad libitum in an environment of 23.0± 1.5°C and 12 :12 LD cycle (L: 0600-1800). The animals were loosely restrained for 5 h a day for over 8 days in a cylindrical wire-mesh cage (as used in experiments) to acclimate them to the experimental conditions. Two days before the experiments, the animals were randomly divided into two groups (Groups I and II) and were subjected to an operation under pentobarbital sodium (30 mg • kg-~, i.p.) anesthesia. In both groups of guinea pigs, a polyethylene catheter (o.d. 0.6 mm, id. 0.3 mm) was positioned in the right jugular vein for drug injection. A couple of stainless steel electrodes (0.2 mm diameter) was sutured on the trapezius muscle to monitor shivering activity (SA). In Group I, another catheter filled with heparinized saline was inserted into the aortic arch through the right carotid artery by about 2.5 cm for measuring the mean arterial blood pressure (BP). Instead of the arterial catheter, a Cu-Ct thermocouple passed through a polyethylene tube (o.d. 0.6 mm) was used to measure the arterial blood temperature (Tar) in Group II. In addition, another thermocouple was placed underneath the interscapular brown adipose tissue (BAT) for monitoring the BAT temperature (TBAT). All the catheters and lead wires tunneled subcutaneously and exteriorized between the scapulae were kept coiled until the experiment. Experiment 1. Five guinea pigs of Group I, and 4 of Group II were used. They were loosely restrained in the cylindrical wire-mesh cage, after fixation of 4 copper wire electrodes on the chest of the animals. An acrylic pan filled with vegetable oil was set underneath the cage to collect urine and feces to avoid unwarrantable evaporation from their wastes. The animal in the cage was put into a direct calorimeter sized 12 x 23 x 12 cm (NAGASAKA et al., 1979) thereafter. The wall temperature of the calorimeter was set at 24.00 + 0.02°C and the temperaturecontrolled fresh dry air (3 l • min -1) was introduced into the chamber.
BP was monitored with a pressure transducer (MPU-0.5, Toyo Baldwin, Tokyo) via the arterial catheter, and heart rate (HR) was counted every min from the ECG with a spike counter (DSE-325P, DIA Medical System, Tokyo). Oxygen consumption was measured with a Zirconia type 02 analyzer (LC-700E, Toray, Tokyo) and the rate of heat production (M: W • kg -1) was calculated as RQ = 0.83. The Tar and TBAT were measured and the difference of Tar and TBAT (TBAT-Tar) was considered to be an indicator of BAT thermogenesis. The extent of SA was measured every min with the spike counter from EMG via the stainless steel electrodes. Dry heat loss (R+ C + K) was measured with the direct calorimeter and evaporative heat loss (E) was monitored with a humidity sensor (HMI-11, Vaisala, Helsinki) and both were expressed as W • kg -1. All variables except for HR and SA were continuously recorded on potentiometers (MC 6735, Watanabe Sokki, Tokyo; SP-H6P, Riken Denshi, Tokyo). After the recordings had been stabilized for 30 min, 5,ug•kg-1 of endotoxin (E. coli 0111: B4, Difco Laboratories, U.S.A.), with a concentration of 20 µg • ml-1, was injected through the venous catheter within 30 s. The additional saline (70 µl) was injected through the catheter immediately after the administration of endotoxin in order to flush the solution from the catheter. The measurement continued for the following 240 min.
Experiment 2. Twelve animals, 6 from each of the two groups, were used. The measurements in this experiment were the same as in Experiment 1. Fifteen min after the injection of endotoxin, either phenylephrine (PHE: 20 jig S kg -1 • min -1) or saline was infused for 2 min at a rate of 50 µl • min-1 via the venous catheter, and the measurements continued for the subsequent 30 min. This particular time for PHE infusion was chosen in order to coincide with the first peak of heat production. The animals were again subjected to the experiment on the next day. The order of PHE or saline treatment was completely randomized.
Experiment 3. Five guinea pigs of Group I, and 4 of Group II were used. The procedure of the experiment was the same as in Experiment 2 except for the period of PHE or saline administration. The infusion was made from 100 to 105 min after the endotoxin injection and the measurements continued for the following 30 min. This particular time for PHE infusion was chosen in order to coincide with the second peak of heat production. Statistics. The data of HR, M, (R + C+ K), E, and SA in Groups I and II were analyzed together. The results are presented as the mean + S.E. Statistical evaluations of the data were performed by a one-way analysis of variance, and the statistical difference between values was assessed by paired and unpaired Student's t-tests. The level of statistical significance was set at p <0.05.
RESULTS

Experiment 1
The intravenous endotoxin (5,ug • kg1) produced a clear biphasic response in body temperature and metabolism ( Fig. 1 A and B) . Tar sharply rose in about 8 min after the endotoxin injection and reached the first peak (40.2°C) in 30 min. Subsequently Tar fell for about 45 min and rose again to make the second peak (40.3°C) in approximately 130 min. The responses of M and heat loss (H= 0. SHIDO and T. NAGASAKA R + C + K+ E) were biphasic, but the times of peaks were markedly different from each other (Fig. 1B) . Clear biphasic changes in SA and (TBAT -Tar) were observed except for the second peak of (TBAT -Tar) ( Experiment 2 Figure 3 shows the changes in all variables, except for H, from the resting levels (Table 1) after the infusion of saline (dotted lines) or PHE (solid lines). The 2-min PHE infusion significantly elevated BP and decreased HR. SA was significantly reduced for the period of PHE infusion and for the following 2 min. An apparent decrease in (TBAT -Tat) was observed from 1 min after PHE infusion, although the difference between saline and PHE infused animals was not statistically significant. PHE significantly decreased heat production for 4 min by about 0.5W • kg-1, that was in agreement with the results of SA and (TBAT -Tar). The Tar started to rise in 9-10 min after the endotoxin injection. The PHE treatment obviously suppressed the febrile response. Neither saline nor PHE infusions affected H.
Experiment 3
The values in Tar, M, H, SA, (TBAT-Tar), BP, and HR at 95 min after the endotoxin injection are presented in Table 2 . The changes of these values after saline or PHE infusion are shown in Fig. 4 . The PHE significantly elevated BP and markedly decreased HR. The PHE infusion significantly reduced the SA, (TBAT-Tar), and M for 6, 3, and 8 min, respectively. Following the PHE infusion Tar slightly decreased but H did not change appreciably.
The 2-min PHE infusion raised BP by 25.3 ± 1.7 mmHg in the first peak of febrile response and the corresponding PHE infusion raised it by 25.6 ± 5.1 mmHg in the second peak. However, the decreases in HR from the pre-infusion level were 67.5 ± 12.5 and 106.1 ± 6.1 bpm in the first and the second peak of fever, re- The characteristic biphasic changes in Tar, M, and H were observed after the intravenous injection of endotoxin. The changes in Tar can be easily explained by the changes in thermal balance (Fig. 1) . The first large increase in heat storage contributed to the first rise in Tar, and the following negative heat storage was responsible for the fall in Tar by about 0.8°C. Then, Tar was gradually increased due to the second increase in heat storage. The H was greater than M from 136 min after the endotoxin injection, and Tar was gradually restored to the resting level. The endotoxin-induced metabolic change (0.7 W • kg -1 in max) was distinct and larger than the change in heat loss (0.2 W • kg -1 in max). It can, therefore, be said that the biphasic change in Tar is predominantly attributed to the biphasic change in M after the endotoxin injection. The ear skin temperature in rabbits or the arm and leg skin temperatures in monkeys have been shown to decrease shortly before the increase in core temperature after the endotoxin injection at 26°C (NAKAYAMA et al., 1973) . However, we failed to observe the decrease in H prior to the initial increase in Tar, which may suggest that the skin blood flow was already near minimum at the present ambient temperature.
Our results concerning the effect of endotoxin on the systemic blood pressure seemed to be different from most of the other reports that the endotoxin injections produced hypotension and reduced cardiac output in animals (FERGUSON et al., 1977; FEUERSTEIN et al:, 1981; HAND et al., 1983; LANG et al., 1985) . This discrepancy may be attributed to the dose of endotoxin used. HAND et al. (1983) and KASTING et al. (1985) reported that in minipigs and in rats, respectively, a relatively small dose of endotoxin produced an initial hypertension, which seems to be in agreement with our observation. This hypertension occurs during the first peak of the fever and may be partly explained by an increased sympathetic activity. PARDINI et al. (1983) reported an enhancement of norepinephrine turnover rate in the heart and the spleen in endotoxic rats. SPII~K et al. (1966) and NYKIEL and GLAVIANO (1961) reported that norepinephrine or epinephrine in the circulating blood was increased in the endotoxin shock. Furthermore, an increase in the sympathetic nervous activity was shown after endotoxin injection in dogs (HALINEN, 1976) . Although these observations were made in endotoxin shock animals, it may suggest that endotoxin stimulates the sympatho-adrenal system, by which the initial elevation of BP following the endotoxin injection can be explained. A recent observation gives another explanation of this initial transitory rise of BP. KASTING et al. (1985) has shown that the endotoxin (150 µg • kg1) injected intravenously elicited a pronounced increase in plasma vasopressin in unanesthetized rats; the response was about ten fold of the base concentration and reached the maximum value within 60 min. Therefore, the initial hypertension observed in this experiment 0. SHIDO and T. NAGASAKA may be also attributed partly to vasopressin released after endotoxin injection. The intravenous endotoxin produced a transient marked rise in HR concomitant with the rise in BP (Fig. 2) . After this first rise, HR quickly returned to the lower levels which were slightly higher than the resting values. However, BP was yet significantly higher than the control level. Moreover, HR started to decrease before the fall in BP. Thus, it is possible that the transitory decrease in HR in the first phase of fever is produced reflexively via the sinoaortic baroreceptors. Twice during the whole course of fever, HR increased, making two peaks in 45 min and in 90 min. The changes of HR in response to endotoxin may be explained partly by persistent increase in the sympatho-adrenal activity and partly by the local effect of temperature on the cardiac pacemakers. However, the very first transient rise in HR may not be explained by the effect of increased local temperature on the pacemakers, because the rise of HR was ahead of the marked rise in Tar.
An intravenous infusion of PHE during either the first or the second peak of the febrile response produced a significant rise in BP with a significant bradycardia (Figs. 3 and 4) . In either phase of the fever, the hypertension produced by PHE suppressed the endotoxin-induced shivering (SA) and the nonshivering thermogenesis (NST) of BAT at 24°C (Figs. 3 and 4) . As repeatedly discussed (HoHTOLA et a!.,1980; NAGASAKA et al.,1984; WASSERSTRUM and HERD, 1977) , the reduction of blood flow to the thermogenic organs due to a direct vasoconstrictor effect of PHE may not be a possible cause of this suppression of SA and NST during the fever. GORKE and PIERAU (1979) reported that the injection of angiotensin II in the spinalized pigeons had no effect on SA, which suggests that the reduction of SA is mediated by a mechanism involving the CNS and not by the direct vasoconstrictor effect of this hormone on muscle blood vessels. Furthermore, NAGASAKA et al. (1984) observed that an experimental hypertension produced by the inflation of an intra-aortic balloon at the lower level from the branched artery to the interscapular BAT also reduced NST of BAT. Thus, we can conclude that SA and NST during the febrile response are reflexively suppressed via baroreceptors following the rise of the systemic arterial blood pressure.
Despite the same extent of BP elevation at the 2-min PEH infusion, the decrease of HR was significantly different between the first (67.5 + 12.5 bpm) and the second (106.1 + 6.1 bpm) phase of the fever (Experiments 2 and 3). The result may indicate that the sensitivity of baroreceptor reflex is altered by the endotoxin treatment. It has been shown that an intrahypothalamic (POAH) application of endotoxin stimulates the activity of cold-sensitive neurons and suppresses the warm-sensitive neurons (CABANAC et al., 1968; WIT and WANG, 1968) . MORISHIMA and GALE (1972) reported that the cooling of POAH led to the rapid rise in BP and HR and the warming of POAH produced the fall of BP and HR in baboons. Therefore, it seems possible that the cardiovascular regulation is modified by endotoxin application via the function of hypothalamic thermosensitive neurons. On this particular issue, however, a more precise investigation should be made. IMAIZUMI et al. (1984) reported that, in anesthetized rabbits, PHE infused pe-ripherally altered the arterial baroreflex control of the renal nerves by a central effect. This central influence of PHE was apparent after a sustained period of pressure elevation. They assumed that the quantity of PHE which entered the brain was related to the degree of influence on the baroreflex. The rate of PHE infusion in their experiments is estimated as about 5 kg -1 • min -1, less than the rate used in this study. It may be possible that, in the present study, the sensitivity of baroreflex determined by the change in heart rate following PHE infusion has also been affected by the central effect of PHE to some extent. However, we do not know about this particular issue at the moment. The right carotid artery of animals was reluctantly ligated in order to measure BP or Tar in this experiment. The• procedure may interfere with the normal baroreceptor reflex and blood pressure regulation. However, it did not make the results of Experiments 2 and 3 meaningless, since all of the animals were in the same conditions. Furthermore, NUNOMURA (1983) suggested that the chronic ligation of one carotid artery produces a minimum effect on the gain of baroreceptors in rats. Eliminating the carotid sinus on one side may be practically compensated by the other receptors.
The duration of experimental hypertension was as short as possible and the low dose of PHE was used to avoid the pronounced vasoconstriction, because WASSERSTRUM and HERD (1977) suggested that too much PHE reduces M even in sinoaortic baroreceptor denervated animals. In Experiments 2 and 3, different infusion times of PHE were used because the changes in M, HR, and SA in the first phase were very rapid and it seemed difficult to obtain a steady state for 5 min. As shown in Fig. 3 , however, the 2-min infusion of PHE was sufficient to observe the baroreflexive suppression of SA and NST.
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